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ABSTRACT 
High and low stress temperatures during seed germination and seedling development 
limit total germination and the rate of germination and growth. Changes in polyamine (PA) 
concentrations in seeds of different species have been associated with germination, growih 
and enviroiunental stresses such as temperature, drought, oxygen, chilling injury and osmotic 
conditions. Two studies were conducted to determine the effect of stress temperatures during 
germination and seedling development on polyamine titers in soybean seeds. Three 
germination temperatures, 25, 30, and 36 °C were used in the first study to evaluate their 
influence on changes in polyamine concentrations in soybean seeds germinated at 76 and 90 
hours. The polyamines (PAs), cadaverine (Cad), putrescine (Put), spermidine (Spd). 
agmatine (Agm), and spermine (Spm) were quantified by HPLC using a cation exchange 
column and an electrochemical detector. 
Cad, Put, Agm, and Spd declined as the germination temperatures increased from 25 
to 36 °C. Conversely, Spm increased considerably with an increase in temperature. Total 
germination was reduced from 97.2 to 92.5% as germination temperatures increased from 25 
to 36 °C. Germination time did not affect Cad, Agm and Spm, and total germination, 
however, the interaction between temperattire and germination time for Put and Spd 
concentrations was significant. In the second study, changes in PA concentrations, seedling 
growth, germination time (tso), fresh and dry weight, and moisture content were measured in 
the embryonic axis and cotyledons of soybean seeds germinated at 10 and 25 °C through six 
stages of germination dry seed (DS), testa split (TS), radicle at 10 mm (Ra-10), root hairs 
visible (RHV), secondary root primordia (SRP), and complete seedling (CS). The 
concentrations of Cad and Put in the embryonic axis, were significantly higher in seeds 
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germinated under low temperature than in seeds at 25 °C (approximately 10 and 3 fold 
respectively). However, this difference was not observed until the last three stages of 
germination. The stage of germination also influenced the levels of these polyamines. The 
concentrations of Cad and Put detected at the CS stage were 50 and 18 fold respectively, 
relative to the initial concentrations found at the DS stage. Spd levels in seeds under stress 
temperatures also increased, but to a lesser extent compared to Cad and Put. Differences in 
Spd concentrations between temperatures were observed only at the CS stage. Agm 
concentrations were higher at 25 than at 10 °C at SRP and CS. Spm concentrations of seeds 
germinated at 25 °C remained higher during the first four stages of development but at the 
end of germination, seeds at 10 °C had higher quantities of Spm. In the cotyledons, 
Polyamines tended to decline with stages of germination, regardless of the temperature. 
However, Agm levels increased in the cotyledons of soybean seeds. Maximum dry weight 
and seedling growth was foimd at RHV, SRP, and CS. Maximum levels of Cad and Put were 
also found during these stages. Spd increased with both temperatures from DS to Ra-IO. 
thereafter, Spd levels in seeds at 10 °C continued increasing while seeds at 25 °C declined. 
High and low stress germination temperatures caused significant changes in 
polyamine concentrations, reduced germination and seedling growth of soybean seeds. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Polyamines have been linked to rates and patterns of growth and differentiation in 
both, animals and plants. In plants, increasing attention has been given to the role of 
polyamines in germination and their responses to different stress conditions such as mineral 
deficiency, chilling injury, salts, osmotic stress, cold hardening, and mechanical injur\-. 
Several studies have been conducted that associate polyamine titers with germination. Some 
germinating conditions such as the germination time, species, and tissue evaluated, differ 
among these studies, however, the germination temperature has been appro.ximately the 
same. In germinating seeds, the rate of water uptake, total germination, germination rate, 
seedling growth, and respiratory rates are affected by temperature. The minimum, optimum 
and maximum temperature ranges have been determined for some of these processes, 
including germination rates. Germination temperatures below (sub-optimal) or above (supra-
optimal) the optimimi range contribute to significant variations in germination and seedling 
growth rates. Agronomic practices are tending toward earlier planting and reduced tillage 
practices. These tendencies can result in greater stresses during germination and 
establishment, increasing growers' risks of stand reductions or failures. Since changes in 
polyamine concentrations have been related to germination, growth, and certain 
environmental stresses, the influence of stress temperatures on germination, seedling growth, 
and polyamine concentrations were investigated. The ultimate goal, of which this research is 
a part, is to determine the value of polyamine analysis to assess soybean seed quality and/or 
stress resistance. The first steps in achieving these objectives are to determine whether or not 
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polyamine profiles change in response to stressful temperatures and, if so, at what point in 
germination and seedling growth processes these changes are most diagnostic of stress. Most 
of the research relating polyamines to germination has had two distinctive characteristics; 
first, the temperature used for germination has been approximately 25 °C. Second, changes 
in polyamines have been assessed on a temporal scale during the course of germination, 
usually from hours to seven or eight days after planting. However, seeds germinate and 
develop at different rates, depending on the seed condition and treatment. In this context, 
stress temperatures of germination, both high (30, and 36 °C, and low, 10 °C) were selected 
to assess their influence on polyamine concentrations in soybean seeds over six germination 
stages 
Dissertation organization 
This document consists of a general introduction, literature cited, two papers and 
general conclusions. The papers will be submitted for publication to Crop Science and Plant 
physiology, respectively. Renan Pineda, the doctoral candidate is the senior author on the 
papers. The second author of each paper is Dr. A. D. Knapp. 
Literature review 
Characteristics 
Polyamines (PAs) are small, polycationic aliphatic amines found in prokaryotic and 
eukaryotic organisms (Tabor and Tabor, 1976; Cohen, 1971; Johnson and Athawal, 1988; 
Malberg et al., 1998). The term polyamine has been used to designate those compounds 
containing two or more amines or to refer only to those compounds having more than two 
amine groups (Evans and Malberg, 1989). In this document, PAs are used in the generic 
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sense. In plant cells, PAs occur in the free and bound forms (Evans and Malberg, 1989). 
Besides the so-called "common fwlyamines". Put, Spd, and Spm (Flores et al., 1989). other 
closely related compounds referred as "uncommon" or "unusual" polyamines also exist in the 
free form (Galston and Kaur-Sawhney, 1990). Bound PAs are conjugated to phenolic 
compounds (Evans and Malberg, 1989; Galston and Kaur-Sawhney 1990), proteins and 
nucleic acids (of high molecular weight), and certain acids of low molecular weight such as 
cinnamic acid (Tiburcio et al., 1990). 
Because polyamines are polybasic compounds (Dresselhaus et al., 1996), they have a 
much higher affinities for acidic constituents than K"^, Mg^^, Ca^"^, or monoamines. This 
property is most pronounced in Spm because of its four amine groups. At cellular pH, PAs 
are positively charged (Malberg et al., 1998) and quite diffusible (Galston and Kaur-
Sawhney, 1995). The diamines, putrescine (Put) and cadaverine (Cad) are similar in 
structure to the higher Pas, spermidine (Spd) and spermine (Spm), tri and tetra amines, 
respectively (Smith, 1970). Agmatine (Agm) contains a guanidino group, thus, differing 
structurally from the others. 
Putrescine NH2(CH2)4NH2 Spermine NH2(CH2)3NH(CH2)4NH(CH2)3NH2 
Cadaverine NH2(CH2)5NH2 Spermidine NH2(CH2)3NH(CH2)4NH2 
Agmatine NH2(CH2)4NH(p=NH 
NH2 
Metabolism 
Biosynthesis 
Put biosynthesis in plants is catalyzed by either arginine decarboxylase (ADC) or 
ornithine decarboxylase (ODC) using arginine or ornithine as substrate (Figure 1). There is 
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substantial evidence for the existence of these two constitutive pathways in plants (Evans and 
Malberg, 1989; Smith, 1985). It has been reported that, in animals and fungi. Put is 
synthesized via ODC only (Slocimi et al., 1984), however, Li et al. (1994) and Morrissey et 
al. (1995) found ADC associated with the mitochondria of animal kidney and brain tissue. In 
plant cells. Put is synthesized directly from ornithine through ODC or indirectly through 
arginine decarboxylation. Intermediates formed in the ADC pathway include agmatine and 
N- carbamoyl putrescine, NCP (Figure 1). Put can also be produced by other pathways such 
as the decarboxylation of citrulline from NCP (Crocomo and Basso, 1974). 
Spd and Spm are formed from their obligate precursor, Put, by the action of 
spermidine and spermine synthases, which transfer additional aminopropyl groups derived 
from decarboxylated S-adenosyl methionine (dcSAM), (Fig. 1). S-adenosyl methionine 
(SAM), produced from methionine, is also a precursor in the biosynthesis of the hormone 
ethylene via 1-aminnocyclopropane-l-carboxylic acid, ACC (Walden, et al., 1997). This 
important intermediate is formed by ACC synthase, (Slocum, et al., 1984). Because SAM is 
a common precursor in methylation reactions, ethylene, and polyamine biosynthesis, several 
investigators have hypothesized that there may be a competition for SAM between PA 
synthesis and ethylene formation (Malberg et al., 1998; and Flores et al., 1989). 
Lysine and L-homoarginine are the precursors for the formation of Cad through a 
reaction mediated by lysine and homoarginine decarboxylases, respectively (Figure 1). 
The formation of cadaverine from lysine is a more efficient pathway on those species 
where Cad is present (Adiga and Prasad, 1984). 
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ODC 
Urea 
C02 
CO2 
ADC 
SAMDC 
CO, 
Spm Synth. Spd Synth. 
NCP 
Arginine 
dcSAM SAM 
Spermidine 
Agmatine Putrescine 
Ornithine 
Spermine 
Methionine 
A 
Adapted from W. Galston 1983 
CO, 
CO; NHj 
Cadaverine Lysine 
Homoagmatine Homoarginine N-Carbamoylcadaverine 
B 
Adapted from P.R Adiga and G.L. Prasad. 1984. 
Figure 1. Biosynthetic pathways of A. putrescine, spermidine and spm and B. for 
cadaverine in plants. ADC= arginine decarboxylase; ODC= ornithine decarbolyase; Spd 
synth= spermidine synthase; Spm synth= spermine synthase; SAMDC= S-adenosyl 
methionine decarboxylase; dcSAM= decarboxylated SAM 
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Enazymes of pdyamine biosynthesis 
Arginine decarboxylase (ADC) catalyzes the reaction that converts arginine to 
putrescine via agmatine and N-carbamoyl putrescine (Fig. 1). It is the rate-limiting step in 
the pathway that starts with arginine (Adiga and Prasad, 1985). ADC has been purified from 
different plant species, for instance, ADC from Lathyrus sativus (Ramakrishna and Adiga. 
1975), oats (Smith, 1979), rice (Choudhuri and Ghosh, 1982), avocado (Winner et al., 1984). 
There is some debate regarding the localization of ADC or the other enzymes of the 
biosynthetic pathway at the subcellular level. Torrigiani et al. (1986) found ADC activity in 
chloroplasts and mitochondria, while Smith (1985) suggests that most of the ADC activity is 
found in the cytosol. In cereals, Put accumulation has been found to occur in response to 
different environmental and chemical stresses. Under such conditions, ADC activity has 
been correlated with Put levels. ADC activity has been generally related to cell elongation 
(Bagni et al, 1983). 
Ornithine decarboxylase catalyses the conversion of ornithine to putrescine. (Fig. 1). 
ODC has been found in com (Durmotier et al., 1983), oats (Young and Galston, 1984). 
barley (Kyriakidis, 1983), tobacco (Heimer and Mizhrahi, 1982). ODC has been found in the 
nucleus of barley seedlings, where 75% of its activity has been associated with chromatin 
and 25% with the cytosol. ODC activity has been related to cell division (Cohen et al.. 
1982). 
The enzyme responsible for the conversion of lysine to cadaverine through a 
decarboxylation reaction, is Lysine decarboxylase (LDC). In L sativus seedlings, the same 
enzyme catalyses lysine and homoarginine decarboxylation (Ramakrisma and Adiga, 1975). 
LDC has been found the in chloroplasts of Lupinuspolyphyllus (Schoofs et al., 1983). 
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The aminopropyl groups transferred to spermidine and spermine are derived from 
decarboxylated SAM, which is formed by the action of S-Adenosyl-L-Methionine 
Decarboxylase, SAMDC (Tabor and Tabor, 1984). SAMDC has been found in carrots 
(Motague et al., 1979), Helinathus (Bagni et al., 1983), Phaseolus (Palavan and Galston. 
1982); and tobacco (Malberg, 1983). Three types of enzymes (SAMDC's) have been found 
in plants, a Mg^ stimulated in Lathirus sativus (Suresh et al., 1978), a Put-stimulated form in 
Vinca rosea (Baxter and Coscia 1973), and a SAMDC Mg"*^ and Put-insensitive in cobbage 
and carrots (Coppoc et al., 1971). When SAMDC is activated by Put, it is likely to observe 
high activity of the enzyme associated with high levels of Spd production (Poso et al.. 1976). 
However, in plant species where abundant quantities of spermine are elaborated, a Put-
insensitive type of SAMDC enzyme has been found (Srivenugopal and Adiga. 1980). 
The synthesis of Spd and Spm from putrescine and decarboxylated S-
adenosylmethionine is carried out by two different enzymes. Spermidine synthase and 
spermine synthase. Spd synthase, also called Putrescineaminopropyltransferase was first 
purified from Echerichia coli (Tabor and Tabor, 1984)), separated from SAMCD activity in 
L. sativus extracts (Suresh and Adiga, 1977) and subsequently purified from Chinese cabbage 
leaves (Sindhu and Cohen, 1983). Spd synthase was inhibited by dicyclohexylamine (Sindhu 
and Cohen, 1983) and thiol reagents (Hirasawa and Suzuki, 1983). Spermine synthase 
(Spermidineaminopropyltransferase) was also detected in Chinese cabbage, it transfers the 
aminopropyl groups from decarboxylated SAM, which are added to spermidine to mediate 
the formation of Spm. 
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Inhibitors 
It has been proposed that PAs are essential to all cells (Evans and Malberg, 1989). 
Mutants incapable PA biosynthesize were unable to grow and develop normally but the 
addition of PAs restored the normal growth of these mutants. The effect of inhibitors has 
been used to reinforce this theory of essentiality. The growth of previously polyamine-
created mutants declined or ceased when exposed to inhibitors and was restored with the 
application of PAs. (Galston and Kaiu--Sawhney, 1995). When the biosynthetic enzymes. 
Arginine decarboxylase, ornithine decarboxylase and S-adenosyl methionine were found to 
be the rate-limiting enzymes in the pathway, finding specific inhibitors of these was a major 
task in polyamine-related research. Four specific inhibitors of major use in plants have been 
developed. Difluoromethylarginine (DFMA), is an irreversible and specific inhibitor of 
ADC activity (McCANN et al., 1987). Difluoromethylomithine (DFMO), irreversible 
inhibitor and specific for ornithine decarboxylase (McCANN et al., 1987). Both DFMA and 
DFMO are enzyme-activated "suicide" inhibitors for ADC and ODC. They are formed by 
substituting a difluorcmethyl group substitutes for the hydrogen atom on the alpha carbon of 
arginine or ornithine. This results in analog compounds of those aminoacids that bind 
irreversibly with the active sites of the corresponding enzyme, inhibiting its activity. DFMO 
has been extensively studied and used in many aiumals and plants processes and also in 
different therapeutic applications. Because of its effect in inhibiting cell replication, it has 
been used in animals to effectively inhibit tumor growth, interrupt pregnancy and treat 
certain protozoal infections (Tabor and Tabor 1983). In plants, DFMO has been specifically 
used for the prevention of soybean seed infection by pathogenic flmgi (Gamamik et al., 
1994). DFMA, has been used in plants to probe stress responses (Slocum et al., 1984) and 
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somatic embryogenesis (Smith, 1985). Treatment with either inhibitor can result in the 
depletion of one or more polyamines in the cell and affect also processes linked to the action 
of polyamines, like growth and germination. 
Methylglyoxal-6w(guanylhydrazone) (MGBG) is a competitive inhibitor of 
adenosylmethionine decarboxylase (Tabor and Tabor). Spermidine biosynthesis is inhibited 
by this compound, however, it is not specific for SAMDC. Tobbaco cells that are resistant to 
this inhibitor produce abundant quantities of SAMDC (Hiatt et al., 1986). Although MGBG 
is commonly used, in some cases its use has been limited because of its lack of specificity 
(Yamanoha and Cohen, 1985). Cyclohexylamine (CHA), a specific inhibitor of spermidine 
synthase, has been used very commonly, along with other analogs that also inhibit the 
enzyme. Dicyclohexylamonium sulfate DCHA (Bitonti and McCANN, 1982). Spermine 
synthase is inhibited by various non-specific compoimds. Such as 5' Methylthioadenosine. 
Regulation 
The specific fimction of polyamines in plant systems is not completely clear, 
however, there are a considerable number of studies that evidence their participation in 
various physiological processes. Much of the current research, focuses on regulation of the 
main enzymes in the polyamine pathways to explain the role and behavior of those enzymes 
and consequently, of polyamines. 
The levels of ADC, have been reported to be regulated in vivo, by a series of plant 
growth effectors and stress conditions (Adiga and Prasad, 1984). The activity of ADC and 
Put levels were increased by the use of cytokinins in the cotyledons of cucumber seedlings. 
Although ADC activity was enhanced by the treatment with the hormone, cotyledon growth 
was inhibited. Conversely, potassium chloride, KCL decreased the enzyme activity and 
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promoted growth. Adiga and Prasad (1984) concluded that these studies do not support the 
general dogma regarding an obligatory positive relationship between cell growth and 
polyamine levels. Phytochrome modulated ADC activity in etiolated pea seedlings (Dai and 
Galston, 1981). Potassium deficiency has been found to increase putrescine levels (Richards 
and Coleman, 1952; and Flores et al., 1984) and the activity of its biosynthetic enzyme. ADC 
(Flores et al., 1984; Smith, 1963) in oats and barley seedlings respectively. Many other 
environmental factors, such as low pH, ssmotic stress, gibberellic acid, etc. have been 
reported to alter the levels of putrescine, and in most cases, ADC activity correlates with Put 
changes. Applications of agmatine (Canellakis et al., 1979), DFMO (Bey et al., 1987). and 
leaf senescence (Kaur-Sawhney, 1982) inhibited the activity of ADC. Most of the literature 
related to the regulation of ODC is derived from animal systems, however, in plants, it has 
been reported that the treatment of barley with gibberellic acid and P-indolylacetic acid 
during germination promoted an increase in ODC activity (Slocum and Flores, 1991). 
At the molecular level, the activity of ADC was affected by a proteolitic clipping that 
increased enzyme activity in oats (Malberg et al, 1994). Borrel et al. (1996) also reported a 
proteolytic processing of the enzyme. Postranscriptional and postranslational regulation of 
both, ADC and ODC has also been evidenced in E. coli. Hayashi et al (1996) found that 
ODC is regulated by putrescine. A protein, specific for ODC, facilitates its denaturation and 
targets it for degradation. This protein called ODC antizyme is stimulated by putrescine in a 
translational mechanism, targeting ODC for rapid turnover (Rom and Kahana, 1994). 
Various studies have reported changes in ADC activity that are not parallel with changes in 
mRNA levels, this could be an indication of posttranscriptional regulation (Watson and 
Malberg, 1986; Panagiotidis et al., 1994; Perz-Amador and Carbonell, 1995). It has been 
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reported that both, ADC and ODC may be encoded by a multigene family (Michael et al.. 
1996). ADC activity and ADC mRNA levels were measured in various stages of 
development in pollinated and non-pollinated Pisum sativum ovaries (Perez-Amador et a!.. 
1995). The changes observed in enzyme activity were greater than those observed in mRN.A 
levels. It is possible then, that there are other copies of the gene that could be contributing to 
the enzyme activity but not to the mRNA concentration. In Arabidopsis thaliana. two ADC 
genes were found by Watson et al. (1997). They concluded that the levels of mRNA and 
ADC activity might differ, if one genes of ADC is regulated by stress and the other is not. 
Degradation 
Two major classes of enzyme oxidases are currently recognized to be responsible for 
polyamine catabolism, a diamine oxidase (DAO) and a polyamine oxidase (PAO). DAO is 
very common in legumes and has been found in pea seedlings (Hill, 1971), soybeans (Le 
Rudulier, 1977), Vicia spp (Matsuda and Suzuki, 1981), and Arachis spp (Sindhu and Desai. 
1980). Putrescine is oxidized to pyrroline, NH3 and H2O2 in a reaction catalized by DAO. 
DAO is more active in oxidizing Put and Cad, however Spd and Spm are also degraded 
(Smith, 1985). Spermidine is converted to aminipropylpyrroline by DAO, yielding also NH3 
and H2O2. PAO has been found only in the Gramineae family (Smith, 1985) and is specific 
for Spd and Spm (Flores et al., 1989). PAO converts Spermidine to diaminopropane and 
pyrroline and spermine to diaminopropane and aminopropylpyrroline, hydrogen peroxide is 
also a product both of these reactions. 
Secondary metabolism 
Little is known about the secondary metabolism of polyamines, however. Put and 
other polyamines can be found in the form of polyamine conjugates bound to phenolic acids 
12 
(Smith, 1985) or participate in the formation of some plant metabolites. In tobacco. Put is 
the source of carbon atoms for the production of the N-methyl-pyrrolidine ring of nicotine 
(Tiburcio et al., 1985). The production of cinnamic acid amide conjugates has also been 
reported (Schoofs et al, 1983). 
Transport 
The is little information on polyamine uptake and transport within the plant tissues.. 
However, there is some evidence indicating that PAs may be transported in the plant. 
Experiments with African violet (Saintpaulia ionantha) demonstrated that exogenous! y 
appliedPutistakenupby the petals of this flower (Bagni and Pistochi, 1986). In a later 
study, Pistocchi et al. (1987) found that Put, Spd and spm uptake also occurred on carrot cell 
cultures. A relatively high portion of polyamines was found in the cell walls fraction. 
Friedman et al. (1986) collected various samples from xylem and phloem exudates of 
different plant species and reported that Put and Spd were present in the phloem and Put and 
Spm in the xylem. Young and Galston (1983) studied the possible transport of polyamines 
and their precursor amino acids in 4-day etiolated pea seedlings. They concluded that 
polyamines are not transported in etiolated peas, however, the amino acid precursors of 
cadaverine and putrescine were recovered in the growing tissues following, after their 
injection into the cotyledons. Polyamines that were present in the growing regions of 
etiolated peas, probably arose from transport and conversion of their precursors. Lin (1984) 
investigated the conversion of radioactive polyamine precursors injected into the cotyledons 
to polyamines synthesized and accumulated in the embryonic axis of soybean during 
germination. Lin (1984) foimd similar results to those of Young and Galston (1983). He 
confirmed that a significant portion of the radiolabeled polyamine precursors injected in the 
13 
cotyledons are found as polyamines in the embryonic axis during germination. When Lin 
(1984) directly injected Cad into the cotyledons, no significant amounts were detected in the 
embryo axis. 
Functions 
At physiological pH's, polyamines are protonated, this characteristic facilitates their 
interaction with negatively charged molecules such as phospholipids, RNA, DNA and 
proteins with acidic groups. The ability of polyamines to bind to these groups have led some 
to hypothezise that polyamines may influence important biological processes. 
Polyamines are required for growth in most cells studied (Evans and Malberg, 1989). 
The use of inhibitors of biosynthetic enzymes or mutants unable to synthesize polyamines 
has demonstrated that they are required for growth (Tabor and Tabor, 1984). 
The role of polyamines in the regulation of chemical and physical properties of 
membranes has also been associated to their ability to readily bind polyanions (Slocum et al. 
1984). Polyamines bind the negatively charged phospholipid groups of membranes affecting 
their stability and permiability. Altman et al. (1977) reported that polyamines stabilized 
protoplasts against lysis in oat leaves, furthermore, a decrease in betacyanin leakage was 
observed by Altman, (1982) in wounded beet tissues. Likewise, polyamines compete for 
binding sites with hormones, affecting the hormone responses at the membrane.(Kyriakidis. 
1983) 
Polyamines also interact with DNA and RNA regulating their structure and function. 
Spermidine and spermine act upon DNA conformation, facilitating the transition from B to 
the Z form in methylated polynucleotides (Behe and Felsenfeld, 1981). Spm-DNA 
complexes stabilize the DNA molecule and protects it against thermal denaturation (Liquori 
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et al., 1967) In vitro studies have described the effect of polyamines in protein biosynthesis, 
fidelity of translation, some steps in the aminoacyl-tRNA synthesis and in the initiation and 
elongation of the peptide chain (Tabor and Tabor, 1984). Polyamines are also modulators of 
enzyme activities by reversing protein phosphorylation (Cohen, 1980) and autocatalNtic 
product regulation (Hiyashi, 1989) 
Polyamine and developmental processes 
Increases in polyamine titers have correlated with cell division and low levels with 
less metabolic activity. Walker et al (1985) observed high polyamine titers in Acer 
saccharum seedlings that conelated with cell division and a decline when they used some 
inhibitors.of the biosynthtic pathway, the observation that cell enlargement continued, 
indicates that the inhibitors, specifically D-arginine, and DFMO directly affected cell 
division. Similarly, an increase in the activity of ODC was observed in tobacco suspension 
cultures that correlated with the frequency of cell division (Heimer and Mizrahi, 1979). 
However, lack of correlation can be found depending on the cell division and enlargement 
ratio predominant in a tissue, the organ specific patterns of free and bound polyamines, and 
the gradient of polyamines in different parts of an organ from where samples are taken. 
Roots, floral and fruit development are other processes in which polyamines have 
been implicated. Jarvis et al. (1978) related polyamines to root initiation in Phaseolus, and 
an increase in their levels was associated with the induction and growth of roots in apple 
(Wang and Faust, 1986). Heimer and Mizrahi (1982) observed high levels of ODC in the 
developing ovaries of the tomato flower. Increased fiiiit set has been reported in olives 
following the application of putrescine during flowering (Rugini and Mencucini, 1985). 
15 
Polyamines and plant stress 
Various studies have described the response of polyamines and their enzymes to 
environmental stress (Galston and Kaur-Sawhney, 1990; Evans and Mallberg. 1989). 
Putrescine accumulation, together with ADC activation, especially on cereals, has been found 
in plants subjected to different stress conditions (Flores et al., 1984). According to Smith 
(1985), and Young and Galston (1984), Spd and Spm are relatively unresponsive to stress. 
Young and Galston (1984) also found that potassium deficiency increased Put levels and 
ODC activities in oat seedlings in approximately 20-fold and 6-fold respectively. The 
formation of putrescine under potassium deficiency, appears to be important to the plant 
since quantities as high as 140 (xmol/g dry weight may be accumulated (Smith. 1984). This 
accumulation of Put may be a mechanism by which the plant balances excesses of H*. 
Deficiency of Mg"^ also resulted in an increases in Put levels and ADC activity (Smith. 
1973). 
Polyamine concentrations are also believed to be involved in low-temperature stress, 
particularly cold hardening or chilling injury. Put, Spd and Spm levels were compared in 3-
week exposure to cold hardening temperatures (15.6 °C day and 4.4 °C night) and non-
hardened (32.2 C and 21.1 °C night) Citrus leaves. In this, study (Kushad and Yelenoski, 
1987) found a 2 to 3-fold increase in Spd in hardened leaves after 1 week acclimation for two 
of three cultivars used. Spm levels were higher in two of three varieties tested but decline in 
the other cultivar. Put increased 20 to 60% in two of the citrus lines tested. An increase in 
free proline levels correlated with Spd. Similarly, the level of spermidine was higher in 7-
day old cucumber seedlings that were exposed for two days to chilling temperatures of 5 °C 
and returned to 20 °C (Wang, 1987). Put or Spm did were not affected by the temperature 
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treatment. A major accumulation of Put (6-9 fold) was found by Nadeau et al. (1987) in 
wheat leaves under cold hardening temperatures (2 ®C) in two-week old plants. Nadeau et al. 
(1987) also found that spermidine accumulated to a lesser extent and spermine declined 
slightly under the cold treatment. Alfalfa (Medicago sativa L.) also had higher levels of Put 
relative to the non-hardened plants. When cold hardened plants of wheat and alfalfa were 
returned to the initial growth conditions (22 °C) Put and Spd also returned to their initial 
concentrations. Nadeau et al. (1987) concluded that the accumulation of Put was due to the 
increase in ADC activity. 
Flores and Galston (1984) studied the effect of different osmotica in cereal leaves and 
observed that Put and Spd accumulated in those leaves, the response was rapid and massive 
to sorbitol, mannitol, proline, betaine, or sucrose. A 50 to 60 fold increase in Put was 
observed 1-2 hours after the treatment. Tiburcio et al. (1986) evaluated the response of 
several plant species in response to osmotic stress in protoplasts and the effect on polyamine 
metabolism. They noticed that Put in oats increased greatly in association with a raise in 
ADC activity; however, Spd and Spm were higher in other species. The osmotic stress 
response was completely prevented by ADC inhibitors and not by ODC inhibitors. In the 
same experiment, Flores and Galston (1984) observed that water stressed oat seedlings had a 
higher polyamine levels and ADC activity. 
Commonly, the exposure of plants to stress alters the levels of one or more of the 
common polyamines. Put, Spd and Spm. Recent studies have revealed that some uncommon 
polyamines are synthesized when the plant is exposed to heat and drought stress. These 
polyamines, also called "thermopolyamines" (Galston and Kaur-Sawhney, 1995), initially 
were found in thermophilic bacteria when temperatures are above 50 °C (Oshima, 1988). 
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Norspermidine and norspermine are some common polyamine analogs that apparently play a 
role in the maintenance of protein synthesis at high temperatures. 
Incubation of leaf segments of Avena sativa L. on low pH media, rapidly increased 
Put level compared to leaf segments placed under normal pH, none of the other polyamines 
had a responded to the low pH treatments (Young and Galston, 1983). Put levels rose within 
three hours after acidification and reached a maximum at 8-9 hours. The activity of ADC 
increased under low pH. Salt (NaCl) stress in germinating seedlings of rice caused an 
increase in polyamine content and ADC activity (Basu et al., 1988). Put increases most, up 
to 100% with over the control levels. Various levels of increase were observed for 
spermidine and spermine in coleoptile and roots. Basu et al., (1987) also concluded that the 
leakage of metabolites was accompanied by an increase in salt concentrations. However, a 
decrease in the growth of rice seedlings was reported by Prakash et al. (1988) in response to 
salinity. A decrease in the levels of DNA, RNA and protein in the embryo axis accompanied 
this decrease in growth. Polyamine levels and the activity of agmatine deiminase were 
lowered by the salt treatment. 
Altman (1982) reported that polyamines inhibited the rise in RNase activity in potato 
tubers and solute leakage from beet roots. Spd and Spm effectively stopped a rise in RNase 
that typically accompanies a wounded tissue, and reduced the leakage that resulted form the 
exposure of beet root discs to stress condition. Altman (1982) also reported that Spd and 
Spm effectively inhibit betacyanin leakage by affecting primary wound-induced 
destabilization of cell mambranes. 
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CHAPTER 2. EFFECT OF HIGH TEMPERATURE AND GERMINATION 
TIME IN POLYAMINE CHANGES AND GERMINATION 
OF SOYBEAN SEEDS 
A paper to be submitted to the Journal of Crop Science 
R. Pineda and A. D. Knapp 
Abstract 
Stress caused by high germination temperature influences total germination and the 
rate of germination and seedling growth. Polyamines (PAs) have been related to seed 
germination, growth, developmental processes, and plant stress. This study was conducted to 
determine the effect of three germination temperatures; 25, 30, and 36 °C on polyamine 
concentrations in soybean seeds germinated for 76 and 90 hours. Polyamines were 
quantified using an HPLC system with a cation-exchange analytical column and an 
electrometric detector. Changes in germination and PA levels were both evaluated at two 
germination times. The concentrations of cadaverine (Cad), putrescine (Put), agmatine 
(Agm), and spermidine (Spd) decreased as germination temperatures increased from 25 to 36 
°C. Conversely, spermine (Spm) concentrations increased with temperature. Cad levels were 
higher than the other PAs, with average concentrations of 2440 nmols/g fresh weight, 
followed by Spd and Put with average concentrations of 490 and 312 nmols/g fresh weight, 
respectively. The percent of normal seedlings significantly decreased as germination 
temperature increased from 30 to 36 °C. Stress germination temperatures increased the 
percent of abnormal seedlings and dead seeds. Germination time did not have significant 
effect on Cad, Agm, and Spm concentrations or on the percent of normal seedlings but the 
interaction between time and temperature was significant for Put and Spd concentrations. 
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Introduction 
Germination is influenced by environmental factors such as temperature, light, 
moisture, and oxygen. Variations in germination temperature affect seed germination 
processes such as total germination, germination rate, and seedling growth. A range of 
minimum, and maximum temperatures can limit seed germination (Bradford. 1995; Fyfield 
and Gregory, 1989; Ndunguru and Summerfield, 1975; Edwards. 1934). Maximum 
germination rates occur at optimal temperatures, however, significant variations in the range 
of minimum, optimum, and maximum temperatures exist among cowpea cultivars (Craufurd 
et al., 1996), common bean (White and Montes, 1993), and sorghum {Sorghum bicolor) 
(Hamdi et al., 1987). Models for predicting changes in germination rate with changes in 
temperature are now available (Ellis et al., 1986). In addition to affecting total germination 
and germination rate, temperature also influences seedling growth (radicle and hypocotyl 
elongation). Fyfield and Gregory (1989) assessed the effect of temperature and water 
potential on radicle length and found that increasing temperature within a range of 15 and 45 
"C in mungbean resulted in increased radicle elongation at all water potentials evaluated. 
However, when 'Grant' soybean seeds, germinated for 4 days, were evaluated for hypocotyl 
length at temperatures of 33 and 39 °C, seedling length dropped from 76.3 to 25.3 mm 
respectively, and germination at 39 °C was only 62% of the initial temperature of 29 °C 
(Ndunguru and Summerfield, 1975). 
Polyamines (PAs) have been extensively associated with growth (Adiga and Prasad, 
1985; Evans and Malmberg, 1989; Walden et al., 1997) and germination (Mantilla, 1996; 
Gamamik and Frydman, 1991; Lin, 1984; Villanueva et al., 1978). Some studies have 
focused on changes in polyamines during early stages of germination (Villanueva and 
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Huang, 1992; Angiliesi et al., 1978; Angillesi et al., 1982). Changes in polyamine 
concentrations have been associated with cell division and elongation occurring during 
germination (Bueno and Mantilla, 1992) and variation has been found among seed tissues 
and species. Put levels were higher in the embryonic axis than in the scutellum of com seeds 
germinating at 25 °C (Sepulveda and Sanchez-Jimenez, 1988). Bagni (1970) obser\'ed an 
increase in total polyamines during the first days after germination of Phaseolus vulgaris L. 
at 25 °C. Villanueva et al. (1978) reported that total PA levels in pea and mungo seeds 
increased during the first three days of germination, before stabilizing over the following four 
days of the test. Similarly, the concentrations per day of Cad, Put, and Spd increased sharply 
in the embryo axis of soybean seedlings during the first three days of germination and 
remained constant through the next 3 days (Lin, 1984). In all these studies, polyamines were 
determined fi-om seeds germinated at approximately 25 °C. Munoz de Rueda et al. (1993) 
examined free and bound PA concentrations in germinating check-pea seeds at three different 
temperatures, 25, 30, and 35 °C. Their work emphasized on changes in the levels of free and 
bound polyamines during the very early stages of germination, 6, 12, 18 and 24 hours. They 
reported that after the first 12 hours of germination, free Spm and Spd levels increased from 
25 to 30 °C followed by a drop as temperature increased to 35 °C. However, after 12 hours, 
these polyamines increased with and increase in temperature. Cad and Put were not affected 
by temperature or by the germination period. In the same study, the percent germination 
declined concomitantly with an increase in germination temperature. The role of temperature, 
especially stressftil temperatures of germination requires more study. Given the direct and 
substantial effect that stress temperature exerts on germination and growth, and the possible 
influence on PA changes in soybean seeds, we conducted this study to determine the effect of 
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high germination temperatures on the concentrations of free PAs and total germination of 
soybean seeds. 
Materials and Methods 
Plant material 
Soybean {Glycine max L. Merr.) seeds cv Bell, harvested in 1997 were used in this stud> . 
The seeds were kept in storage for eight months at about 5 °C and 42% relative humidity in 
the cold room of the agronomy department of Iowa State University (ISU) until use. To 
prepare samples for PA and germination analyses, three replicates of 1200 seeds each were 
placed in envelopes and maintained in the cold room. 
Seed quality 
Germination, vigor and moisture content 
Separate samples of the same lot of seed were sent to the Seed Science Center of Iowa Stale 
University for standard germination and accelerated aging tests. The moisture content was 
obtained using the oven dry method according to the International Seed Testing Association. 
ISTA(1993). 
Tissue samples 
Sample preparation 
Seeds were germinated in the dark in paper germination towels, moistened with H2O in 
growth chambers for 76 and 90 hours. The rolls of paper towels were kept in plastic bags 
and monitored every 8 hours during germination to ensure proper moisture. After 76 or 90 
hours of germination, the normal seedlings were taken out of the chambers and separated into 
cotyledons and embryonic axes. The embryonic axes were divided into radicles and 
hypocotyls, which were clearly identifiable at these germination periods. The tissue 
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harvested for PA analysis was obtained from different areas of the radicle (tips, middle and 
base), hypocotyl (at radicle base, middle, and hypocotyl hook), and cotyledons (center and 
edges). Equal amounts (0.333g) of cotyledons, roots and hypocotyls were mixed to form a 
one gram sample of fresh tissue. The separation was done to ensure a representative sample 
of the three tissues collected, and the mixture, to analyze total free polyamines present at 
those germination periods. This procedure, resulted in the use of about 50% of the seedlings 
to complete a tissue sample for PA extraction, the rest were discarded. 
Standards 
Five polyamine standards. Cad, Put, Agm, Spd, and Spm were prepared at different 
concentrations to construct standard curves and determine the polyamine concentrations 
present in the seed. The standards were obtained from Sigma Chemical Co. 
Variables evaluated 
Germination 
The percentages of normal seedlings at 76 and 90 hours of germination were 
recorded. The percentage of abnormal seedlings, dead and hard seed were also measured at 
each period. All seed and seedling categories were classified according to the Rules for 
Testing Seeds (AOSA, 1993). 
Polyamine concentrations 
Free polyamines were extracted from seed samples according to the method of 
Slocum et al. (1989). The homogenates were maintained on ice for 30 minutes, then 
centrifuged at 27,000g for 20 minutes at 4°C. The supernatant was transferred to new tubes 
and used for quantification of PAs. Cad, Put, Agm, Spd, and Spm were separated on an 
HPLC system using an lonPac CG14 guard (4x50 mm) and an lonPac CS14 (4x250mm) 
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column in series (Dionex), and quantified with an ED40 (Dionex) electrochemical detector 
using an integrated square wave detection (ISWD) method (Hoekstra et al. 1999, in 
preparation). 
Experimental design 
A completely randomized design (CRD) with the levels of two factors arranged in a 
split plot was used. The furst factor, '"germination temperature" at three levels, 25. 30 and 36 
°C (+/- 0.5 °C) was considered as the main plot. The second factor germination time, at two 
levels, constituted the subplot. The main plots consisted of three growth chambers 
(replicates) for each of the temperature treatments. The temperature treatments were 
randomly assigned to each of the nine chambers then two sets of paper towels, four rolls of 
50 seeds per set, were placed in plastic bags (one set per bag) and randomized within each 
chamber. The nine chambers selected were all of the same kind (Conviron, Winnepeg. 
Monitoba, Canada) located in the Iowa State University Agronomy Depanment. The 
experiment was started in January 1998. 
Statistical analysis 
Analyses of variance were run for the variables studied. Both factors, temperature and 
germination times, were considered fixed effects (Table AT 1 of appendix). The data from 
the HPLC runs were transformed from peak areas to micromolar (^M) concentrations using 
standard curves and regression analyses (Tables AT2 and AT3 of appendix). The 
transformed data were converted from ^M concentrations to nMoles per gram of fresh 
weight and then analyzed with the Statistical Analysis System (SAS). LSD o os values were 
obtained for mean comparisons of temperature and germination effects. 
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Results 
Status of the seed 
The moisture content of the seed was 10.25%. Initial seed germination and vigor 
were high, 95 and 90%, respectively (Table 1). Only 4% abnormal seedlings were recorded 
from the SG. The AA test had 6% of abnormal seedlings. The percent of dead seed was low 
in the SG and no hard seeds were found at the end of the test. We found 4% dead seeds in 
the AA, and as in the SG, hard seeds were not present. 
Table 1. Germination and vigor of soybean seed cv. Bell, determined by the standard 
germination (SG) and accelerated aging (AA) tests 
Seedling Quality tests 
category SG AA 
% % 
Normal 95 90 
Abnormal 4 6 
Dead 1 4 
Hard 0 0 
Germination 
Average germination across germination times was the same at 25 and 30 °C (Table 
2). However, as temperature increased from 30 to 36 °C germination declined significantly 
(P>F= 0.0002). Similarly, there were no differences in abnormal seedlings at 25 or 30 °C, 
but a significant increase occurred when germination took place at 36 °C. The average 
percent dead and hard seeds, averaged over temperatures and germination times were less 
than 1% (0.44 and 0.17% respectively). No significant changes were observed in dead and 
hard seeds as a result of temperature (Table 2). 
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Table 2. Percent of normal, abnormal seedlings, hard, and dead seeds of cv Bell, germinated 
at 25, 30, and 36 °C for 76 and 90 hours 
Temperature 
•c 
Seedling/seed 
categories 
Germination times Average 
76 hours 90 hours 
% % % 
25 normal 97.6 96.7 97.2 a 
30 normal 96.7 96.3 96.5 a 
36 normal 91.0 94.0 92.5 b 
LSD= 1.2 
Average 95.1a 95.7a 
25 abnormal 2.3 3.0 2.6 b 
30 abnormal 3.0 3.0 3.0 b 
36 abnormal 7.7 5.0 6.3 a 
Average 4.3a 3.7a LSD= 0.74 
25 hard 0.0 0.3 0.17 b 
30 hard 0.3 0.3 0.3ab 
36 hard 1.3 0.3 0.8a 
Average 0.5a 0.3a LSD= 0.58 
25 dead 0.0 0.0 0.0 a 
30 dead 0.0 0.3 0 .17a  
36 dead 0.0 0.7 0.3 a 
Average 0.0a 0.3a LSD= 0.48 
Means followed by the same letter are not statistically significant at the 0.05 probability level 
as determined by the LSD test. 
Germination time (76 or 90 hr) did not affect germination, abnormal seedlings, hard, 
and dead seeds. 
Polyamine determinations 
The diamines Cad and Put, the triamine Spd, and the tetraamines, Agm and Spm were 
detected in the seed tissue extracts within 35 minutes (Figure 1). Cad eiuted first at about 12 
minutes followed by Put and Agm before 20 minutes of the nm. The later eluting peaks were 
Spd and Spm. Diaminopropane was included in the standards, however, it was not detected 
Figure 1. Chromatogram of a 15 uM standard (B) and tissue sample (A) obtained from 
seeds at 25 °C and 90 hours of germination. nC= nanocoulumbs. Peaks are identified as Cad 
(1). Put (2) Agm (3), DAP (4), Spd (5) and Spm (6). 
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in the seed samples. Peak resolution for all PAs was complete and no interfering 
peaks were observed (from 12 to 35 min). Six to seven other unidentified peaks eluied 
within the first ten minutes of the run however, they did not interfere with any polyamine 
resolution (Figure 1). 
Polyamine titers 
Cad had the highest concentrations of all polyamines analyzed in the soybean samples with 
an overall mean, averaged over temperatures and germination times, of 2440 nmoles per 
gram of fresh weight. Spd and Put levels followed Cad, 490 and 312 nmols/g fresh weight, 
respectively. Agm was found in lower quantities, 135 and Spm the lowest with only 29 
nmoles/g fresh weight. The changes in concentrations observed as temperature increased 
from 25 to 36 °C varied among polyamines. A highly significant (P=0.001) decrease in the 
concentrations of Cad, Put, Agm and Spd was observed as germination temperature 
increased. Germination time did not significantly influence the levels of Cad and Agm. 
however, a significant interaction was found for Put and Spd. The decline in Put and Spd 
concentrations with an increase in temperature was greater at 90 than at 76 hours of 
germination (Figure 2A and B). Spm levels sharply increased with temperature, although, 
differences between temperatures were observed only between 30 and 36 °C (Table 3). The 
trend in the percent drop of Cad, Put, Agm, and Spd concentrations seemed to be higher 
when temperatures increased from 25 to 30 °C, than at the two higher temperatures, 30 to 36 
°C. Conversely, the percent drop of Spm concentrations appeared to be higher between 30 
and 36 than between 25 and 30 °C. Spm levels averaged across temperamres were the same 
at 76 and 90 hours of germination (Table 3). 
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Table 3. Polyamine concentrations in nmoles per gram of fresh weight from soybean seeds 
gemiinated at 25, 30 and 36 °C, for two germination times, 76 and 90 hours. Mean 
separation for the averages of both, germination temperature and times 
Polyamine concentrations, nMoles per gram fresh weight 
Polyamine Temperature Gemnination time 
»c 76 hours 90 hours Avg. % Change 
Cadaverine 25 3143 2914 3028 a * 22' 
30 2776 1980 2362 b 18^ 
36 1882 1948 1931 c 
Avg. 2600a * 2281 a 
25 475 a 443 a 459 a 42 
Putrescine 30 343 b 234 c 268 b 22 
36 185 c 192 c 210 c 
Avg. 334 a 290a 
25 147 146 146 a 9 
Agmatine 30 138 129 133 b 5 
36 127 125 126 c 
Avg. 137 a 133 a 
25 567ab 622 a 595 a 23 
Spermidine 30 519 b 395 c 457 b 8 
36 429 c 411 c 420 b 
Avg. 505 a 476 a 
25 23 24 23 b 15 
Spermine 30 32 22 27 b 29 
36 40 36 38 a 
germtime avg 31 a 27 a 
*Means followed by the same letter are not statistically significant at the 0.05 probability 
level as determined by the LSD test. 
' The percent difference between 25 and 30 °C 
" The percent difference between 30 and 36 °C 
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Figxire 2. The effect of temperature and germination time on putrescine (A) and spermidine 
(6) concentrations in soybean seeds. 
39 
A significant positive correlations were observed between Cad. Put. and Agm 
concentrations and germination (Table 4). However, these correlations were not strong. Spd 
levels were not correlated with germination while Spm levels increased as germination 
declined . The correlations between the levels of all polyamines were highly significani 
except for Spm 
Table 4. Correlation coefficients (r) and probability values P> | R | of germination and 
polyamines (n= 18 pairs of observations) 
Germination Cad E>ut Agm Spd Spm 
r P > | R |  r P > | R |  r P > | R |  r P > | R |  r P > | R |  r P> 1 R1 
Germ 1.00 
Cad 0.55 0.019 1.00 
Put 0.55 0.016 0.94 0.0001 1.00 
Agm 0.55 0.016 0.92 0.0001 0.95 0.0001 1.00 
Spd 0.4 0.09 0.82 0.0001 0.87 0.0001 0.84 0.0001 1.00 
Spm -0.51 0.02 -0.26 0.31 -0.33 0.18 -0.4 0.09 -0.13 0.61 1.00 
Discussion 
The initial seed germination and vigor determined by the SG and AA tests, 
respectively were high, 95 and 90 % (table 1). Initial germination (95 %) closely correlated 
with the average germination (97%) of seeds germinated imder normal temperatures (25 and 
30 °C). Furthermore, seed vigor, (90%) was similar to the percent germination of seeds 
under stress temperatiures (92.5%), (table 2). The abnormal seedlings significantly increased 
under stress temperature (6.3%) and coincided with the AA abnormal seedlings (6%). Thus, 
it appears that germination for 72 and 90 hours at 36 °C imposed a stressful condition to the 
seed that, at least in this study, was somewhat similar to the effect of AA temperature 
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treatment on germination and abnormal seedlings. However, the higher percent of dead 
seeds found in the AA test, may be an indication of a greater stress of AA on seed viabilitv. 
Germination temperature influences total germination and the rates of seedling 
growth. Temperature also may alter the levels of polyamines present in the seeds since the> 
have been associated with growth and germination processes. Bell soybean seeds 
germinating at high temperatvu-e declined in germination, increased in abnormal seedlings, 
and expressed alteration in the polyamine levels found in the seeds. 
The percent of normal seedlings (germination) was reduced when the germination 
temperature increased from normal, 25 ®C to stress temperature, 36 °C (Table 2). Murdoch 
et al. (1989) described that when the seeds are germinating at alternating temperatures in 
which the mean temperature exceeds the optimum, germination declines with increase in 
temperature. High temperatures could have numerous effects on seeds. One interesting 
possibility is that membrane parameters are negatively affected by high temperatures. Seeds 
germinating at high temperatures are known to leak more electrolytes into the imbibition 
medium (Bewley and Black, 1994). Polyamines are believed to play a role in membrane 
stabilization, possibly by binding to the polyanionic groups of those membranes (Slocum et 
al., 1984). Spm and Spd have been reported to stabilize protoplasts against lysis (Altman et 
al., 1977), and effectively inhibit betacyanin leakage from wounded beet root discs resulting 
form aging at 25 °C or treatment with high temperatures, 35-40 °C (Altman, 1977). The rise 
in Spm in response to the increase in temperature from 25 to 36 °C, may have been to 
stabilize the cellular membranes and protect them from leakage. Further investigations are 
needed to confirm this hypothesis. Spm has also been reported to protect DNA from thermal 
denaturation (Galston and Kaur-Sawhney, 1995). It is possible that during the period of 
41 
higher growth or seedling development, Spm is required in higher levels to stabilize DNA. A 
considerable number of studies have been published relating changes in polyamine 
concentrations to germination and growth. However, a common denominator of these studies 
is that germination has taken place under normal conditions of temperature, usually, between 
23 and 25 °C. We observed a decrease in Cad, Put, Agm, and Spd levels with an increase in 
temperature (Table 3). Stress germination temperature appeared to have a similar effect in 
both germination and polyamine concentrations. This was evident because a general decline 
was observed in both variables as temperature increased from 25 to 36 °C. Furthermore, 
correlation coefficients associating germination and polyamines revealed that there was a 
significant positive, relationship between germination and Cad, Put, and Agm. concentrations 
and a negative correlation with Spm (Table 4). In this lot of seed, apparently the trend in Cad. 
Put, Agm, and Spd concentrations was to drop more at 25 and 30 °C than at 30an 36. while 
germination reduction was greater at the two higher temperatures (Table 3). The greater 
decline observed in Cad, Put, Agm, and Spd concentrations at 25 and 30 °C preceded the 
major change in germination. The effect of different stresses on polyamines has been well 
documented, however, little research has been done relating these compounds to temperature, 
specially high temperature stress. Munoz de Rueda et al. (1993) reported that in, chick pea 
seeds, free spermidine and spermine levels increased from 25 to 30 °C followed by a drop 
from 30 to 35 °C during the first 12 hours of germination. They observed an increase with 
temperature from 12 to 24 hours, however, the percent germination decreased with the 
increase in temperature. Cad and Put did not change over the germination period. The rise 
in Spm and the reduction in germination observed in our study are consistent with the 
observations of Munoz de Rueda et al. (1993). There is a contrast in Spd behavior between 
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the two studies. This difference may be species related, or due to the exposure time of the 
seeds to the stressful temperature. Seedling growth is affected by high temperature of 
germination (Ndimguru and Summerfield, 1975). They found a 300% reduction in hypocotyl 
length and 38% in germination in soybean seeds germinated at 39 °C. Several other studies 
on germination or developmental processes have correlated a decline in polyamine le\els 
with a reduction in growth. Evans and Malberg, (1989) reported that in general, high PA 
concentrations are correlated with active growth and poor growth with lower levels. A 
reduction in growth caused by the stress temperatures of germination may be the reason for 
the decline of Cad, Put, Agm, and Spd in our study. In most of the studies relating polyamine 
levels and different kinds of stresses. Put has distinctly increased. Under saline stress. Put. 
Spd, and Spm levels increased with respect to the control (Basu et al., 1988). Osmotic stress 
caused a rise in Spm and Spd concentrations for some species (Tiburcio et al.. 1986). Based 
on these reports, it is evident that polyamines are responsive to different stress conditions. 
Our results confirm the increase observed in Spm levels found in other species under 
different stresses. However, the origin of the increase in Spm can not be clearly determined 
from our results and remains to be further investigated. It may be that Spm plays a specific 
role during soybean seed germination under high temperature stress. From our results we 
conclude that the stress imposed by the temperature of germination decreased Cad, Put, Agm 
and Spd levels and germination significantly. Germination time did not influence the 
concentrations of Cad, Agm and Spm, however. Put and Spd concentrations were influenced 
by both, temperature and time. 
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CHAPTER 3. POLYAMINE CONCENTRATIONS IN SOYBEAN SEEDS AS 
INFLUENCED BY LOW TEMPERATURE STRESS, STAGES OF GERMINATION AND 
TISSUE 
A paper to be submitted to Plant Physiology 
R. Pineda and A. D. Knapp 
Abstract 
Stressful environmental conditions during germination, such as cold temperatures, 
oxygen deficiency, and water stress may influence the ability of a seed to germinate and 
develop a normal seedling. Low stress temperatiure during germination reduces germination 
and seedling growth rates. Polyamines (PAs) have been associated with germination and 
plant stress and are believed to be important in growth regulation. This study investigates 
changes in polyamine concentrations in soybean seeds germinated at 10 and 25 °C. The 
levels of cadaverine (Cad), putrescine (Put), agmatine (Agm), spermidine (Spd), and 
spermine (Spm) were analyzed by the method of Hoekstra, et al. (in preparation), in two seed 
tissues, embryonic axis (EA) and cotyledons (COT); through six stages of germination, (dry 
seed (DS) testa split (TS), radicle at 10mm (Ra-10), root hairs visible (RHV), secondary root 
primordia (SRP), and complete seedling (CS). Polyamine levels were also compared in dry 
seeds equilibrated at three temperatures (25, 10, and 5 "C). Germination time (tso), moisture 
content, seedling growth, and dry and fresh weight were also measured. 
In the EA, Cad constituted 86 percent of the total PAs. Spd comprised 8% of the total 
PAs and the rest were present in quantities lower than 4%. In the EA, Cad and Put levels 
generally increased as germination progressed from DS to CS at both temperatures, 10 and 
25 °C, however, significantly higher levels of Cad and Put were found in seeds germinating 
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at 10 °C, particularly during the last three stages of germination. Similarly, increased Agm 
levels increased in embryonic axes, but this rise was mainly found in seeds at 25 °C. Spd 
levels increased progressively across stages of germination in seeds germinated at 10 °C. but 
declined considerably in seeds at normal temperatures after Ra-10. Spm concentrations 
dropped during the first four stages of germination at both temperatures, however, an 
increase was observed in seeds at 10 °C. Cad concentrations were higher in the embryo axes 
of dry seeds equilibrated at 5 °C than in seeds at 10 or 25 °C. Embryo axis fresh and dr> 
weights, had a sharp increase beginning at Ra-lO and differences between temperatures were 
found only at SRP. Moisture content increased with germination progress and it was the 
same at both temperatures. 
In the cotyledons, Spd and Agm constituted 52 and 27% of the total PAs respectively. 
Cad represented only 5% of the total PAs. A decline in concentrations of all PAs. except 
Agm occurred from TS to CS regardless the temperature. Agm increased at the last two 
stages of germination at both temperatures. Cotyledonary firesh weight remained constant 
and dry weight declined after TS. Moisture content increased from 8 to about 75% in the 
cotyledons. Seeds germinating at 10°C required 32 days to reach CS stage compared to only 
seven days at 25 °C. Total seedling growth increased with germination. Longer seedlings 
were found at SRP of seeds under cold temperatures. Seedlings at the SRP stage at 10 °C 
were longer than their counterpart at the same stage at 25 °C. The elongation rate was 
greater on seeds at 25 than those at 10 °C. Low germination temperature significantly 
influenced the concentrations of polyamines present in soybean seeds. Changes in 
concentrations varied with polyamine, tissue, and stage of germination. 
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Introduction 
The effect of low temperature on different physiological processes of the plant or 
plant organs is well documented. Allenip (1958), Vertucci and Leopold (1983). Vertucci 
(1989) and Bradford (1995), in studies with different species, found that low temperatures 
reduced the rate of seed water uptake. However, the degree of reduction at a given low 
temperature varies with species (Allerup, 1958); relative humidity, initial moisture content 
and seed part (Vertucci, 1989), and the viscosity of water (Vertucci and Leopold, 1983). 
Decreases in water uptake by the seeds, is usually accompanied by reductions in 
enzymatic activities and in the break down of reserves by the embryonic axis to support 
growth resumption. Both total germination and germination rate are affected by low 
temperatures. White and Montes (1993), observed that the total germination of four different 
bean genotypes was reduced by a low (10 °C) temperature. Bramlage et al. (1979) and 
Roberts (1988) reported that 10 to 12 °C was the lower limit for soybean germination. 
Covell et al. (1986) determined the base temperature (Tb), optimum temperature (To), and 
maximum temperature (Tc) for germination for four species of legumes, including soybeans. 
For soybeans, they foimd that 4.0, 30 to 34.5, and 46 to 55 were the minimum, optimum, and 
maximiun temperature ranges, respectively, for germination. Germination rates of seeds at 
sub-optimal (5-30 °C) and supra-optimal (35-46 °C) temperatiu-es were greatly reduced. 
Craufurd et al. (1996) found that as temperature changes below and above the optimum 
range, seed emergence is linearly decreased. Beyond germination, during the stages of 
seedling development, low temperatures reduce the percent of growth (total) and seedling 
growth rate. Bramlage and Leopold (1978) studied the elongation of axes of soybean 
seedlings and found that growth rates at 10 °C that were only 64 % of those at 25 °C. 
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Mathews and Hayes (1982) observed that radicle and hypocotyl lengths were greatly reduced 
at 10 °C when compared to 25 °C. In the same study, they concluded that the number of 
days required for 50 % germination of seeds at 10 °C was about five times more than seeds 
germinated at 20 °C. 
Respiratory rates were reduced to various degrees in cold-tolerant and cold-intolerant 
soybean cultivars (Ismail et al., 1989). A 30% reduction in the respiration of cold-tolerant 
lines was detected as temperature decreased from 25 to 10 °C as compared to a 50% in the 
cold-intolerant ones. Seeds imbibed at low temperatures, 10 °C or lower, also leak more 
solutes (Bramlage et al., 1978). 
Changes in polyamine concentrations have been reported in a number of germination 
studies (Lin, 1984; Scoccianti et al., 1990; Gamamik and Frydman, 1991; Villanueva et al.. 
1978; Palavan and Galston 1982; Angillesi et al., 1980; Torrigianni and Scoccianti, 1995; 
and Scoccianti and Bagni, 1990). All these studies evaluated polyamine levels and their 
changes during germination using temperatures between 23 and 25 °C, in different species. 
However, no studies have been found relating polyamines and low temperature stress during 
soybean seed germination. One study conducted by Wang (1987) evaluated the effect of 
chilling temperatures on polyamine levels of cucumber seedlings. Wang (1987) found that 
the levels of Spd were higher in chilled cucumber seedlings than in non-chilled. In this study 
however, 7-day old seedlings were exposed to chilling temperatures of 5 °C for 2 days, then, 
the seedlings were returned to the initial normal germination temperatures. Upon return to 
normal temperatures, the cucumber seedlings reduced Spd levels were similar to those before 
the cold treatment. For soybeans, 5 °C is near the minimum temperature for germination 
(Covell et al., 1986). Two other studies have reported elevated concentrations of Put in 
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wheat leaves ( Nadeu et al., 1987), and in citrus trees (Kushad, 1987) as a result of cold 
hardening treatments. Our purpose was to determine the changes occurring in free 
polyamine concentrations at six stages of germination and development of soybean seeds and 
seedlings exposed to low temperature stress. 
Materials and Methods 
Plant material 
Seeds of soybean (Glycine max L. Merr.) cv. Pioneer 9254, obtained from Pioneer 
Hybrids Inc., Johnston, Iowa, commercial seed stocks in 1998 were the source of biological 
material for this study. Seeds were stored at 5 °C and 42% relative humidity for eight 
months before the initiation of seed analyses. 
Seed quality 
The standard germination, accelerated aging, and cold tests were carried out In the 
Iowa State University, Seed Science Center, and the conductivity, and seedling growth rate in 
the crop physiology laboratory of the Agronomy Department. 
Standard germination 
Four replicates of 100 seeds each (400 seeds total) were germinated on water 
moistened kimpak paper and incubated at 25 °C for 7 days. After this period, seedlings were 
classified as normal, abnormal, or dead and the percent germination recorded as the average 
of the normal seedlings counted on the four replications according to the Rules for Testing 
Seeds (AOSA, 1993). 
Accelerating Aging 
Acrylic boxes with wire screens were used to hold forty two grams of soybean seed 
placed on the screen inside the box. Forty ml of distilled water was added to the box. The 
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boxes were covered and placed into an accelerated aging chamber at 41°C for 72 hours 
(AOSA Vigor Handbook, 1990). Following the aging process, two hundred seeds (two reps 
of 100 seeds each) were planted on two sheets of 19-ply kimpak™ paper moistened with 825 
ml of water. The seeds were covered with sand and then germinated at 25°C for seven days 
and evaluated according to the seed Vigor Testing Handbook (AOSA, 1983). 
Cold Test 
Two replicates of 100 seeds each were placed on water moistened kimpak paper and 
chilled overnight at 10°C. The seeds were then covered with one inch of a soil and sand 
mixture in a ratio of 1:4, and then incubated at 10 °C for seven days (seed vigor testing 
handbook, AOSA 1990). Following the cold treatment, the trays were transferred to 25 °C 
for seven days. The seedlings were evaluated according to the seed Vigor Testing Handbook 
(AOSA, 1983). 
Conductivity 
Conductivity of individual seed lecheate was measured using the Genesis-2000 
conductivity analyser (Wavefront, Inc. Ann Arbor, WI) Seeds were adjusted for moisture 
content to approximately 14% prior to conductivity analysis. After obtaining the average 
weight per seed, one hundred seeds were placed on 100-celled trays (one seed per cell) in 3.5 
ml of distilled water per cell and soaked for 24 hours before the conductivity readings 
according to the seed Vigor Testing Handbook (AOSA, 1983). Conductivity was measured 
and reported in microsiemens (^S). 
Seed sterilization 
Seeds were surface sterilized with a 2% solution of NaOCl for 30 seconds, drained 
and washed with running water for 45 seconds. Then, the seeds were placed in germination 
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paper for 2 hours to remove the excess surface moisture from the seed. The sterilized seed 
was used for analysis of polyamines, moisture content, germination time, fresh and dr\ 
weight, and seedling growth. 
Moisture content on the dry seed 
A moisture test was performed before and after sterilization to determine if moisture 
content was influenced by the sterilization procedure. The moisture percent was measured 
on a wet weight basis and the dry weight was determined by placing the seed in an air-dr> 
oven for 24 hours at 105 °C according to the International Seed Testing Association, IST.^ 
rules, (1993). 
Temperature adjustment 
Prior to seed sterilization, envelopes containing samples classified as the "dry seed", 
were taken out of the storage room and placed for 2 days in temperature controlled chambers, 
to temperature equilibrate to 25, 10, and 5 °C. 
Tissue samples 
Dry seed 
The sterilized dry seeds were dissected and 150 milligrams of each of two tissues, 
embryonic axis and cotyledons, were harvested. Equal amounts of tissue from the center and 
edges of the cotyledons were collected. The small embryonic axes contained the radicle, 
hypocotyl and epicotyl, structiires that are not clearly distinguished at this first stage. 
Germinating seed and seedlings 
For the rest of the stages, seeds were allowed to germinate in growth chambers, in the 
dark, under two treatment temperatures, 10 and 25 °C. Germination was carried out using 
water moistened germination paper (Anchor paper Co., St Paul MN). The stages of 
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germination and seedling development were selected according to Muthiah et al. (1994). 
except that we included the complete seedling as an additional stage. An illustration of the 
stages selected in this study is given in Fig. 1. Complete seedling (CS) is described here as a 
seedling containing all the structures for a normal seedling indicated in the Rules for Testing 
Seeds (AOSA, 1993) but that has developed the first set of leaves emerged from the 
cotyledons (Fig. 1). The polyamine samples were prepared in a similar way to those of the 
dry seed except that here the embryonic axis structures were clearly identified, allowing a 
more homogeneous tissue preparation from them. Although, for the later stages of 
germination 300mg of tissue were harvested, the ratio of 100 mg tissue per ml of perchloric 
acid was maintained when extracting polyamines from the different tissues and stages. 
Standard samples 
Five polyamine standards, cadaverine (Cad), putrescine (Put), agmatine (Agm). 
spermidine (Spd), and spermine (Spm), were prepared at different concentrations to construct 
5 standard curves and determine the amine concentrations present in the seed. The standards 
were obtained from Sigma Chemical Co. 
Variables evaluated 
Germination time, moisture content, seedling growth, dry weight, fresh weight and 
polyamines were measured simultaneously on the seed for each temperature, stage, and 
tissue. 
Germination time (tso) 
The time to 50 % germination (tso) was determined by recording the number of hours 
required for 50% of the seedlings to reach each stage of development. The germinating seeds 
Figure 1. Six stages of germination and seedling development selected were identified as; 
dry seed (DS), testa split (TS) radicle at 10 mm (Ra-10), root hairs visible RHV), secondar> 
root primordia (SRP), and complete seedling (CS). 
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were observed every two to three hours during the initial stages and every 4 to 6 hours for the 
later stages to determine t so-
Polyamine extraction and quantification 
Free polyamines were extracted from both cotyledons and embryonic axes at eaxh 
stage of development according to the method of (Slocum and Galston 1989 The 
homogenates were maintained on ice for 30 minutes, then centrifiiged at 27.000g for 20 
minutes at 4 °C. The supernatant fraction was transferred to new tubes and stored at -66 °C 
for 3 weeks prior to polyamine analysis. Cadaverine, putrescine. agmatine, spermidine, and 
spermine were separated on an HPLC system, using an Ion Pac CGI4 (4x50mm) guard and 
an Ion Pac CS14 (4x250) column in series (Dionex), and quantified with an ED40 (Dionex) 
electrochemical detector using an integrated square waive detection (ISWD) method 
(Hoeckstra et al, 1999, in preparation). 
Moisture content determination 
Fresh weight measurements were taken as germination progressed. The dry weights 
of seeds and seedlings were determined using the oven dry method. For the dry seeds, four 
replicates each of 25 seeds, pairs of cotyledons, or embryo axes were placed in the oven at 
105 °C for 24 hours. For the germinating seeds, 25 seedlings were oven dried at 80 °C for 24 
hours as described by the Handbook for Seed Analyses (ISTA, 1993). The moisture percent 
was calculated on a wet basis. 
Seedling growth 
For each of the last four stages, the length (mm) of the whole seedling was measured 
to determine the rate of seedling growth and total growth at each stage, for the two 
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temperatures. Twenty five seedlings per replicate were used for this purpose and the average 
of them was recorded as the seedling growth for each stage. 
Experimental design 
The experimental design was a randomized complete block design (RCBD) with a 
split-plot arrangement. Temperatures were the main plots, at two levels; 10 and 25 °C. 
Stages of germination comprised the sub-plots, at six levels; dry seed (DS), testa split (TS), 
radicle at ten millimeters (Ra-10), root hairs visible (RHV), secondary root primordia (SRP). 
and complete seedling (CS), and two tissues (split-split plot), embryonic axis and cotyledons. 
Six growth chambers were randomized for the temperature factor. Randomization was done 
within each block, then plastic buckets were used to contain rolls of towels (four at each 
stage) were randomized within each chamber or temperature, and the two tissues were 
randomized last. Blocks were formed, by repeating each set of treatments every three dav s. 
The experiment was started on January 1999 and finished on April 1999. 
Statistical analysis 
Tables containing the regression equations used to transform the data resulting from 
the HPLC analyses (peak areas) to molar concentrations are given in the appendix C-1 and 
C-2. The data were converted fi-om molar concentrations to nanomoles per gram of drv 
weight. The converted data were analyzed with the Statistical Analysis System (SAS). 
Analyses of variance were run for the variables studied. Because of the highly significant 
differences found between tissues for all variables, a "by tissue" analysis was run, and the 
results are presented separated by tissue. Mean separation was done by LSD 0.05 analysis. 
LSD 0.05 values were used to compare the means of 5 variables studied. A Proc mixed 
analysis was run to determine statistical differences in polyamine concentrations. 
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Results 
Seed quality 
The initial quality of the seed was relatively high, seed germination and vigor was 90% or 
above when measured by the SGT, CT, and AA test, respectively. The leakage from the seed 
expressed as conductivity, was low, 73 microsiemens,fiS (Table 1). 
Table 1. Quality of soybean seed cv. Pioneer 9254, measured by the standard germination 
(SGT), cold (CT), accelerated aging (AA), and conductivity (CV) 
Quality tests Germination 
% 
Standard gemiination ^ 90 
Cold test 91 
Accelerated aging 92 
Conductivity 73 nS* 
Moisture of the whole seed 
There did not appear to be a substantial change in percent moisture due to surface 
sterilization at all temperatures (Table 2). Seeds that were temperature equilibrated at 10 °C 
had a higher moisture content than to those at 5 and 25 °C. Seed coat wrinkling, determined 
by direct observation, was also higher on seeds equilibrated at 10 °C, approximately, 70 % of 
them had some degree of wrinkling. Seeds equilibrated at 5 °C had 50% wrinkling and those 
at 25 °C had only 20%. 
Germination time 
Considerable differences in tso were found between seeds germinating at 25 and those 
at 10 °C (Table 3). Seeds germinated at 10 °C required 1.6 days more to reach radicle 
protrusion. Seedling development at low temperature was significantly reduced, requiring 
3.5 days more than seedlings at 25 °C to develop a seedling with a 10 mm-long radicle. 
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Table 2. Moisture content of the whole seed measured before and after sterilization at three 
temperatures, 25,10, and 5 °C. The values are averages of three replicates 
Temperature Sterilization Moisture content 
"C condition % 
25 Before 6.65 
After 7.62 
10 Before 11.68 
After 12.80 
5 Before 7.20 
After 7.32 
As seedling development progressed from Ra-10 to differentiation into RHV and 
SRF, the difference between tso at 10 and 25 °C also increased, from 3.5 at Ra-10 to 8.2 at 
RHV and 18.6 days at SRP. The total number of days required to achieve the CS stage were 
7 and 32 when germination took place at 25 and 10 °C, respectively (Table 3). 
Table 3. Germination time (tso). Number of hours or days required for 50% of the seeds to 
reach the dry seed (DS), testa split (TS), radicle at 10 nun (Ra-10), root hairs visible (RHV). 
secondary root primordia (SRP), and complete seedling (CS) stage. The values are means, 
averages of three replications. 
Germination time (tso) 
Stage 25 'C ICC difference 
hours days hours days days 
DS 0 0 0 0 0 
TS 26.7 1.1 64.2 2.7 1.6 
Ra-10 32.0 1.3 114.3 4.8 3.5 
RHV 69.5 2.9 290.7 12.1 8.2 
SRP 93.2 3.9 541.7 22.5 18.6 
CS 175.0 7.0 768.0 32.0 25.0 
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Fresh weight 
In the embryonic axis, the differences in fresh weight (fwt) of seeds germinated under 
stress and normal temperatures depended on the stage of germination. Although, highh-
significant (P=0.001) differences found among the last four stages, differences between 
temperatures were observed only at SRP. The fwt of seedlings at 10 °C (11.62g). was higher 
than that at 25 °C (6g) at this stage of development (Figure 2A). Fresh weight of the 
embryos remained constant between radicle protrusion and the first stage of seedling 
development (Ra-10), however, a sharp increase (2.9, 8.8 and 19 g) was observed as seedling 
growth and differentiation continued through RHV, SRP and CS respectively. In the 
cotyledons, fwt of seeds germinated at 10 and 25 °C was the same at all stages of 
germination (Figure 2B). At testa split, fresh weight was higher (6.3 g) than in the dry seed 
(3. Ig) but did not change thereafter. 
Dry weight 
Dry weight (dwt) accumulation patterns in the embryonic axes were similar to those 
of fresh weight (figure 3A). SRP, was the only stage of development at which differences in 
dwt caused by germination temperatures were observed. Seedlings developing at 10 °C 
accumulated significantly more dry weight at SRP (0.73 vrs 0.52 g respectively) than 
seedlings developing at 25 °C. The same biphasic pattern observed in figure 2A for fresh 
weight, also was found in dwt (Figure 3A). At DS, TS, and Ra-10, a lag phase was observed, 
followed by a period of high dry matter accumulation that appeared to increase almost in a 
curvilinear fashion as seedlings developed toward the complete seedling stage, where 
maximum dry weight was found. In the cotyledons however, the dry weight declined 
significantly, particularly from Ra-10 to CS (2.83 to 1.71 g respectively) (Figure 3B). As in 
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Figure 2. Fresh weight of soybean seeds influenced by temperature and stages of 
germination. A. Embryonic axis B. Cotyledons. LSD o.os for T= temperature and S= stages 
of germination. 
62 
1.2 
•S 1 
o> 
SI 0.8 
ID CN 
D) 0.6 
i 0.4 
Q 0.2 
Embryonic axis 
LSD„O5T=0.04 
S-0,05 
DS TS Ra-10 RHV SRP 
Germination stage 
cs 
3.5 
12.5 
tn 
O) 
&• O 
2 
1.5 
1 
0.5 
0 
B 
Cotyledons 
LSD003T-0.44 
s=o.n 
DS TS Ra-10 RHV SRP 
Gemvnation Stage 
CS 
•10'C •25 'C 
Gemiination time tso, days 
OS TS Ra-10 RHV SRP CS 
25 "C 0.0 1.1 1.3 2.9 3.9 7 
10 °C 0.0 2.7 4.8 12.1 22.5 32 
Figure 3. Dry weight of soybean seeds influenced by temperature and stages of germination. 
A. Embryonic axis B. Cotyledons. LSD o.os for T= temperature and S= stages of 
germination 
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the embryonic axis, no change in dwt was observed in the cotyledons during the first three 
stages of germination at both temperatures. Moreover, during the decreasing phase, 
temperature did not alter dry weight except at SRP, where cotyledons under low temperature 
contained significantly less dry matter than those at 25 °C (1.92 vrs 2.4 g respectively). 
Moisture content 
In the embryonic axis, the moisture content (MC) of seeds germinated at 10 and 25 
°C was the same at all stages of germination (Figure 4A). However, percent moisture 
increased sharply from DS to TS (10 to 60%) and almost linearly at TS, Ra-10, and RHV 
(60, 76, and 90%). No significant differences were observed between the last two stages. 
Similarly, in the cotyledons, a greater change in percent moisture was observed at TS relative 
to the rest of the stages (Figure 4B). This change was the same at both temperatures. The 
water content progressively increased after Ra-10, reaching the highest value at the complete 
seedling stage. Differences due to temperature were found only at SRP, where temperature-
stressed cotyledons gained more water, than cotyledons under normal temperature. 
Total Seedling growth and elongation rate 
The rate of seedling elongation increased almost linearly from Ra-10 to SRP at both 
temperatures (Figure 5A). The rate of elongation at 10 °C was significantly lower 
(approximately four fold) than that at 25 ®C at Ra-10, RHV, and SRP. No further change 
was observed from SRP to CS at 10 ®C, and the rate of elongation decreased considerably at 
25 °C as the seedlings grew toward the last stage (Figure 5A). No differences in total 
seedling growth due to temperature were evident at Ra-10, RHV and CS. However, at SRP, 
the growth at 10 was greater than that at 25 °C. But at CS, normal temperatures produced 
longer seedlings. 
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Figure 4. Moisture content of soybean seed influenced by temperature and germination 
stages. A. Embryonic axis, B. Cotyledons. LSD o.os for T= temperature and S= stages of 
germination 
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stages of germination. A. Growth rate. B.Total seedling growth. LSD 0.05 for 
T= temperature and S= stages of germination 
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Polyamine analysis 
Concentrations in the dry seed 
Cad, Agm, Spd, and Spm concentrations were present higher in the embryonic axes 
of the dry seed than in the cotyledons (figure 6 A, B, C, and D). Cad, concentrations were 
twelve to thirteen times higher in the embryonic axes than in the cotyledons (figure 6A). 
Agm was only 1 to 3 times iii^er in the axes, accounting for the smallest difference (figure 
6B) between tissues. Spd and Spm were present 2 or 3 times higher in the axes (figure 6C 
and D). Put was not detected in the embryonic axis (EA) and the concentrations found in the 
cotyledons (COT) were not significantly different at any temperature. 
Cad concentrations were higher in seeds equilibrated at 5 °C relative to 10 and 25 °C 
in the embryonic axis, but no change was detected in the cotyledons (Figure 6 A). Agm 
levels were the same in the embryo axis, regardless the temperature of equilibration. 
However, the cotyledons had greater concentrations of Agm in seeds at 5 °C (Figure 68). 
Both, Cad and Agm levels were the same when the dry seed equilibrated at either 10 or 25 °C 
in both tissues. The levels of Spd and Spm were the same at all temperatures in the embryo 
axis. But in the cotyledons, only Spd was significantly higher in seeds equilibrated at 10 °C 
(Figure 6 C and D) 
Distribution 
Cad, Put, Agm, Spd, and Spm were present in different quantities in the embryonic 
axes (EA) and cotyledons (COT) during germination and seedling development. 
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Figure 6. Changes in Cadaverine (A), Agmatine (B), spermidine (C), and spermine (D) 
concentrations in the embryonic axes (EA) and cotyledons (COT) of the dry seed of 
soybeans, influenced by temperature Bars represent LSD o.os (continued on next page). 
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Cad was the most predominant polyamine found in the embryonic axis constituting 
(86%) of the total PAs, (Figure 7A). Spd followed Cad, but represented only 8%. In the 
cotyledons however, Spd was the highest PA found representing approximately one half of 
the total (Figure 7 B). The concentration of of Spm was the lowest concentration of all PA 
studied in the EA, with only 1% (917nmols)' but in the COT, Spm comprised 15% (432 
nmols) (Figure 7A and 7B). PUT was relatively low in both tissues, 3 and 1% in the EA and 
COT respectively. Agm was the second highest PA found in the cotyledonary tissues (27%). 
however, in the EA, it represented only 2% (figure 7 B). 
Changes in concentrations 
In the embryonic axis, seeds germinated at 10 °C had significantly higher Cad 
concentrations than seeds at 25 ®C, however, this difference was not evident until they 
reached RHV. The major differences between the two temperatures were found at the SRP 
(144813 nmols at 10 vrs 73461nmols at 25 °C) and CS (144589 nmols vrs 47076nmols) 
stages (Figure 8A). Cad concentrations of seeds at 10 °C increased progressively with 
germination stages, from TS to SRP but no change was observed thereafter. Similarly, seeds 
at 25 °C, experienced significant changes in Cad levels through Ra-10 and RHV, however, 
Cad levels remained the same at SRP, followed by a decline at the end of germination. No 
changes were found from DS to TS at either temperature (Figure 8A). 
' quantities are expressed as nanomols per gram of dry weight, and abbreviated as nmols 
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Figiire 7. Relative concentration of polyamines expressed as a percentage of the total 
quantity found in A. embryonic axis and B. cotyledons 
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Conversely, Cad concentrations in the cotyledons tended to decrease across stages of 
germination from approximately 200 nmols in the dry seed to non-detectable levels in the last 
two stages (figure 8B). Seeds germinating at 10 °C maintained higher levels of Cad than 
those at 25 °C at TS, Ra-10 and RHV. Beyond RHV, Cad levels were undetectable at both 
temperatures. Differences among stages were significant from TS to SRP in seeds at 10 °C 
and from DS to RHV in seeds at 25 °C. 
Put and Cad concentrations in the embryonic axis (Figure 9A) followed similar 
patterns over the course of the experiment. The levels of Put of seeds germinated at 10 °C 
remained significantly higher than seeds at 25 "C over the last three stages. Put 
concentrations increased in seeds germinating 10 °C as germination progressed from TS to 
SRP, but remained constant thereafter. Put levels remained constant until TS in seeds at 25 
°C followed by an increase from TS to RHV thereafter remaining unchanged at SRP and CS. 
In the cotyledons, Put levels were the same in seeds germinated at either temperature (Figure 
93), however, low temperature of germination, caused a significant increase in Put at TS. 
followed by a sharp decline to Ra-10. Put levels at 25 °C remained the same across stages. 
No differences in Agm concentrations in the EA between the two temperatures were 
observed Through the RHV stage (Figure lOA). Thereafter, highly significant differences 
were found with levels ranging from (569 vrs 4446 nmols at SRP and 372 vrs 5387 on seeds 
at 10 and 25 °C, respectively). Interestingly, Agm levels were much higher on seeds 
germinating at 25 °C than those at 10°C at these stages. While Agm concentrations in seeds 
germinated at 25 °C continued to increase significantiy from Ra-10, through the rest of the 
stages, seeds germinating at low temperature 
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produced a sharp increase in Agm, starting at Ra-10, a peak at RHV, and a drop to 
approximately initial levels at SRP and CS (figure lOA). 
Contrary to the pattern followed by Cad and Put in the cotyledons, Agm had small 
changes among the first four stages of germination (Figure lOB). Both temperatures closely 
paralleled until RHV but then seeds at low temperature synthesized more Agm than those at 
25 °C. A great increase in Agm was observed at both temperatures af^er RHV. 
In the embryonic axis, the changes in concentrations observed of Spm were different 
than the other PAs in that a general decline was observed at DS, TS, and Ra-10, for both 
temperatures (Figure 11 A). However, seeds at low temperature decreased significantly more 
than seeds at 25 °C. At SRP, Spm levels raised significantly, reaching higher concentrations 
than those observed at DS. This was the same at both temperatures, nevertheless, seeds at 10 
°C accumulated more Spm. At the end of germination, seeds at 25 °C dropped considerably 
while those at 10 C remained the same. Spm levels in the cotyledons were lower In seeds 
germinated at low temperatures at Ra-10, SRP, and CS. A significant increase in Spm was 
found in seeds at radicle protrusion at both temperatures, after TS, a general decline was 
observed across stages in seeds at 10 °C. Although, the same trend was observed in seeds at 
normal temperature, the decline did not occur until after Ra-10 (Figure 1 IB). 
Spd concentrations in the EA were different between temperatures only at the complete 
seedling stage. The levels of Spd found in seeds germinated at low temperature, increased in 
a variable pattern as germination progressed. However, seeds at 25 °C, decreased, after Ra-
10 following the same pattern (Figure 12A). In the cotyledons, differences between 
temperatures and germination stages were observed at DS, TS and Ra-10. Variable changes 
also characterized the levels of Spd in the cotyledons. 
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Discussion 
The detennination of the quality status of the seed is essential in studies involving 
seed germination and vigor or seedling growth and emergence because the initial quality can 
determine how efficient a process can develop or how effective may be the treatments 
applied to seeds. In our study, the initial quality of the seed was high, determined by the 
standard germination and vigor tests (Table 1). The vigor tests (cold, accelerated aging, and 
conductivity) indicated high vigor values and high relative membrane integrity, determined 
by the relatively low value of conductivity, 73 microSiemens (^S). In 1998, seeds of this lot 
were evaluated along with seven other lots for conductivity. The results indicated that this 
lot ranked in the lower extreme of a range, between 72 and 177 ^S. 
Surface sterilization of the seed did not appear to cause any increase in the percent 
moisture. This may have been due to the very short time of exposure of the seed to the 
hypochlorite solution (30 seconds) Seed sterilization was done to ensure that the polyamine 
concentrations were not influenced by microorganisms, specially fimgi that might be present 
on the seeds. The existence of both, ADC and ODC has been foimd in fungi (Gamamik et 
al., 1994). The I50 for seeds germinated at 10 °C was significantly longer than at 25 °C 
(Table3). Duke et al. (1977) germinated soybean seeds at 23 and 10 °C over a period of 192 
hours and determined the number of hours at each temperature required to reach 52% 
germination or radicle protrusion. They estimated tso to be 24 hours for seeds at 23 °C and 
120 hours for those at 10 °C. Muthiah et al. (1994), classified the stages of germination of 
three cultivars of soybean using a germination temperature of 24 °C. tso in our study for testa 
split, required 26.7 hours at 25 °C and approximately coincides with that reported by Duke 
et al., (1977) at 23 °C and exactly coincides with that found by Muthiah et al. (1994) at 24 
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°C. However, the time tso of seeds developing at 10 °C, varied with respect to the study 
conducted by Duke et al. (1977). This difference may be because Duke (1977) used a 
different cultivar, and the initial quality of the seed in the 1977 study was not reported. 
Lower quality seed may take longer to reach a given stage, especially under stress conditions. 
Fresh and dry weight changes of the embryonic axis were similar across all the stages 
of germination, both variables tended to increase in a curvilinear fashion after an initial lag 
phase observed from DS to Ra-10 (Figures. 2A and 3 A). Dry matter accumulation staned at 
Ra-10 and continued through RHV, SRP, and CS. Significant differences in fwt and dwt 
were found between temperatures only at the SRP stage. In the cotyledons, a similar lag 
phase was observed for dwt in the first stages, from DS to Ra-10 (Figure 2B), and decreased 
thereafter. This decrease in dwt, coupled with the increase observed in the embryonic axis 
probably reflects greater translocation of reserves from the cotyledons to the embryonic axis. 
The total accimiulation in dry weight accumulation in the EA across stages was the same for 
both temperatures, approximately l.Og/25 seeds. This quantity matched the dwt lost by the 
cotyledons over the same period (approximately 1.13g/25 seeds). Water uptake increased 
progressively but at a higher rate in the earlier stages (TS, Ra-10) than in the last two. In the 
first stage of germination (from DS to TS), little or no dry weight accumulation was observed 
but yet there was a high imbibition. This phase might be characterized by elongation rather 
than cell growth. Sanchez-Calle et al (1989) reported that cell elongation predominates over 
mitosis during early stages of germination of Cicer arientum seeds. Similarly, Bewley and 
Black, (1994) reported that Vicia faba radicles increased in length 18 hours before any cell 
division was observed. They also concluded that in these seeds, extension of the radicle 
occur in two phases, an initial slow phase up until 48 hours. Then a rapid phase 
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accompanied by an increase in mitotic index. Our results are consistent with the pattern 
found in Vicia faba seeds. TS which at normal temperature occurred at 1.1 days, may be a 
stage characterized by elongation and Ra-10 the onset of cell division. After Ra-10. a rapid 
growth occurs in the EA, together with a drop in dwt in the cotyledons. The total lentgh of 
the seedlings was the same at both temperatures, except at SRP.(Figure5B) The panem of 
total growth followed those of fresh and dry weight, with SRP, stage at which the stress 
temperature produced longer seedlings than at normal temperatures. The seedling elongation 
rate (mm/day) however, was much higher at 25 "C, between temperatures and among stages. 
According to Craufurd et al. (1996); White and Montes (1993); and Covell et al. (1986). total 
germination and rate of germination are affected by subptimal temperatures, moreover, the 
rate of germination decrease linearly, as temperatures decrease from the optimal temperature 
toward the base or minimum temperature of germination. For soybeans, 10 and 25 °C are in 
the sub-optimal range (Covell et al., 1986), however, 10 ° is closer to the minimum 
temperature for soybean germination, hence, the rate of germination is expected to be lower 
for seeds under stress temperatures. Fyfield and Gregory (1989) described that an increase in 
temperature caused an increase in radicle elongation rate in mung bean. Likewise. Mathews 
and Hayes (1882) reported lower radicle and hypocotyl lengths at a given day for different 
cultivars of soybean at 10 ®C. Our study is in agreement with those experiments in that we 
found higher elongation rates at 25 °C. 
Exposure of dry soybean seeds to equilibration temperatures of 25, 10 and 5 °C for 2 
days caused alterations in Cad, Spd and Agm, levels in the embryonic axes and/or cotyledons 
of soybean seeds (figtire 6 A,B,C,). Cad was present in higher concentrations in the 
embryonic axes on dry seeds exposed to 5 °C, with respect to those at 10 and 25 °C. Spd 
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was the same at all temperatures in the EA, but higher concentrations were observed at 10 °C 
in the cotyledons (figure 6 C). Agmatine was higher in the cotyledons at 5 °C. Temperatures 
of 5 and 10 °C are widely used for storage of seeds specially, for long periods of time, 
however, for germination of soybeans, these temperatures are stressful. No germination was 
observed at 5 °C Covell et al. (1986) and 10 ®C has been determined as the lower limit for 
germination (Bramlage et al., 1979). Angillesi et al. (1990) evaluated the changes in 
polyamine content in dry and wet embryos manually extracted fi*om wheat seeds. Although, 
they do not report the temperature of storage of the seed nor the moisture content, these have 
been assumed being around 25 ° C (laboratory conditions as they described) and 
approximately 6 % moisture (recommended for air tight storage for various years). They 
concluded that the dry seed embryos increased in concentrations varying among years. They 
also concluded that the elevation in polyamines was due to an increase in ADC activity in the 
dry embryos in response to the aging process across years. Our results are consistent with 
those experiments in that we observed elevated levels of polyamines in dry embryos, at about 
7% and 13% moisture content for 10 and 5 ° C, respectively. We did not evaluate enzyme 
activity, however, we believe that the raise in polyamine biosynthesis in the embryo and 
cotyledons was in response to the stress temperature to which seeds were exposed. 
During germination, at the same stage of development, stress temperature (10 °C) 
caused a substantial change in polyamine levels in both, embryonic axes and cotyledons of 
soybean seeds. This change varied with polyamine. In the EA, Cad and Put, in a similar 
pattem, greatly increased in seeds germinating under low temperature (figures 8 A and 9A). 
Studies on cold hardening (Nadeau et al., 1987)and chilling injury (wang, 1987) have found 
elevated levels of mainly Put but also Spd. Increases in Spm during a low acclimation study 
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(Kushad and Yelenosky, 1987). Although these studies used leaves and seedlings 
germinated at normal temperature before the exposure to normal temperatures, the effect of 
low temperature was evident because the levels of these PAs retumed to normal, after leaves 
and seedlings retumed to normal conditions. We found much higher concentration of Cad in 
the EA, than any other PA, it constituted 86% of the total PAs present in the EA. The major 
differences among stages and temperatures occiured at the stages of maximum growth. RiiV. 
SRP, and CS. These stages were also characterized for greater dry matter accumulation, 
fresh weight, growth rate, and total growth. Evidently, the increase obsrerved in these two 
polyamines, correlated with the growth parameters measured, and it is likely that they play an 
important role during the stages of maximum growth. The highly significant differences 
found between the two temperatures during these same stages, could merely be a result of 
slower growth rates. However, differences in PA concentrations were found at a given 
growth stage regardless of tso at each temperature. This could mean that increased Put 
concentrations in seedlings germinating at 10 °C is a response to stress. Cad has been 
associated with growth in germinating soybean seeds under normal temperatures (Lin, 1984) 
and has been reported to be essential for normal root formation (Gamamik and Fryman, 
1994). In both studies, Cad was the major PA in the embryonic axis with lower quantities in 
the cotyledons. Cad was also the major polyamine found in our samples. And dropped to 
undetectable levels in the cotyledons. Agmatine, an intermediate in the formation of 
putrescine, had an opposite response to that of Cad and Put, its levels at 25 °C increased 
significantly after Ra-10 and in the cotyledons increased after RHV. The rise of Agm in the 
cotyledons is imexplained. Spm in most of the stages was higher at 25 °C than at 10 °C 
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of Spm to normal or high temperatures than to 10 "C. We have found a highly significant 
effect of low stress temperature on the levels of all polyamines studied, particularly in the 
embryonic axes of soybean seeds. This effect varied with stage of development. A striking 
finding when comparing stages of development was that dry weight, and polyamine 
concentrations between seedlings at 10 °C and 25 °C were most pronounced at SRP. A clear 
trend was observed in Cad, Put, Agm and Spm concentrations which increased considerably 
from Ra-10 through RHV, SRP and CS, stages that correlated with higher elongation rate and 
accumulation of maximum dry mater in the embryonic axis of soybean seeds. 
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CHAPTER 4. GENERAL CONCLUSIONS 
The effects of temperature on seeds of different species have been widely studied. 
Both, high and low temperatures affect the rates of seed germination, emergence and 
seedling growth when they are exposed to stressful temperatures. In soybean seeds, 
considerable interest exists in the study of processes like germination, vigor, seedling growth 
and emergence as they are affected by temperature. Germination, growth and seedling 
emergence have been associated with changes in poiyamine concentrations in the seed. In 
soybeans, PAs have been quantified from seeds germinating at approximately 25 °C through 
the course of 1 to 8 days of germination. We studied the changes that occur in Cad. Put. 
Agm, Spd, and Spm concentrations, when seeds are germinated at stress temperatures. From 
the results of our experiments with both, high and low temperatures we have derived 
conclusive evidence that polyamines are responsive to stress temperatures during 
germination. The effect of temperature varies with poiyamine, stage of development and 
seed tissue. More specifically, high, germination temperatiu-es (30.5 and 36 °C) substantially 
decreased the levels of all polyamines, except those of Spm, which increased with an 
increase in temperatures. High germination temperatures also reduced total germination and 
increased the number of abnormal seedlings. Low temperature also influenced the levels of 
polyamines in both cotyledons and embryonic axes. The concentrations of all polyamines 
were significantly higher in the embryonic axis than those found in the cotyledons. 96% of 
the total polyamines present in the seed was found in the embryonic axis and Cad constituted 
86 percent. In the cotyledons, Spd constituted 52%.of the total concentrations. At low 
germination temperatures, concentrations of Cad and Put greatly increased with a progress in 
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germination and seedling development but their major increase was observed at the last three 
stages of germination. Seeds under stress temperatures had significantly higher 
concentrations than the seeds germinating at 25 °C. Spermine concentrations of seeds 
germinated at 10 °C were lower, over the first three stages of development, than in seeds 
germinates at 25 °C. Also, Spm levels declined in seed germinated at 10 °C during thse 
stages. Alternatively, Spm concentrations increased during germination at high (30 and 36 
°C ) temperatures. The differential; response of Spm to high and low temperature sttess is 
interesting and future research will be required to elucidate the causal mechanisms. 
Interestingly, higher concentrations of Cad were found in the embryonic axes of dry seeds 
that previously equilibrated to 5 °C compared to those equilibrated to 10 or 25 °C. Agm 
levels were higher in the cotyledons of dry seeds at 5 °C. The stages at which maximum 
accumulation of dry weight, fresh weight, and growth, were also the stages at which 
maximum concentrations of Cad and Put were present in the seed. Conversely, the initial 
stages of germination, DS and TS, low PA concentrations paralleled with low rate of 
elongation, and dry weight accumulation. 
High and low stress temperatures of germination limit the germination, growth, and 
affect the concentration of polyamines present in soybean seeds. 
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APPENDIX 
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Table A-1. Analysis of variance for a split plot in a completely randomized design. CRD. 
with the factors temperature and germination time fixed 
Source of Degrees of Mean Expected mean squares F-test 
variation freedom squares 
Temperature (T) t-1 MSa o^ + rg2TV(t-1)* MSa/MSea 
Error a t(r-1) MSea 2 2 a^+go 
Germination time (G) 9-1 MSb o^ + rt2G^/(g-1) MSb/MSeb 
Temp X Germitime MSa'b o^+ rSTG^/(t-1)(g-1) IVISa*b/MSeb 
Error b t(r-l)(g-i) MSeb 
total tgr-1 
(T) = Temperature 
(G) = Germination time 
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TableA-2. Standard curve containing 8 poiyamine concentrations 
Concentration Poiyamine Standards 
CAD PUT AGM SPD SPM 
0,5 739821 1315659 952153 
1 1459925 2626521 1818439 3308657 1526856 
2 2884602 4960702 4065667 5070931 2903929 
8 9232091 16525705 16788275 15566312 9065060 
32 39480702 67733012 71038001 61845496 50908848 
64 76596520 123710928 143171247 120474793 103439410 
128 148044734 221312690 266448668 230446365 207543934 
250 253867520 342890434 389086865 399332448 42S96S134 
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Table A-3 Regression formulas for data conversion 
POLYAMINES Linear Regression 
Equations 
Variable Y intrecept slope 
CADAVERINE Y= 9145169.66 + 4352010.08 
PUTRESCINE Y= 2043911.03 + 1513534.21X 
AGMATINE Y= -4778909.3 1683709.89X 
SPERMIDINE Y= 15944779.70 + 3406664.08X 
SPERMINE Y= 11603984.3 + 7319305.96X 
The linear Regression Fomiula is: Y= a+bx then; x = Y-a/b 
